The sulfolipid sulfoquinovosyldiacylglycerol is a component of plant photosynthetic membranes and represents one of the few naturally occurring sulfonic acids with detergent properties. Sulfolipid biosynthesis involves the transfer of sulfoquinovose, a 6-deoxy-6-sulfo-glucose, from UDP-sulfoquinovose to diacylglycerol. The formation of the sulfonic acid precursor, UDP-sulfoquinvose, from UDP-glucose and a sulfur donor is proposed to be catalyzed by the bacterial SQDB proteins or the orthologous plant SQD1 proteins. To investigate the underlying enzymatic mechanism and to elucidate the de novo synthesis of sulfonic acids in biological systems, we developed an in vitro assay for the recombinant SQD1 protein from Arabidopsis thaliana. Among different possible sulfur donors tested, sulfite led to the formation of UDP-sulfoquinovose in the presence of UDP-glucose and SQD1. An SQD1 Thr145Ala mutant showed greatly reduced activity. The UDP-sulfoquinovose formed in this assay was identified by cochromatography with standards and served as substrate for the sulfolipid synthase associated with spinach chloroplast membranes. Approximate K m values of 150 µM for UDP-Glucose and 10 µM for sulfite were established for SQD1. Based on our results, we propose that SQD1 catalyzes the formation of UDP-sulfoquinovose from UDPglucose and sulfite, derived from the sulfate reduction pathway in the chloroplast.
INTRODUCTION
The sulfolipid 6-sulfo-α-D-quinovosyl diaclyglycerol (SQDG) is a unique nonphosphorous lipid found in the photosynthetic membranes of plants and bacteria (1, 2) . The head group of SQDG is sulfoquinovose, an anionic sulfonic acid derivative of glucose (6-deoxy-6-sulfo-glucose). Therefore, SQDG contributes a negative charge to the thyalkoid membrane along with the other major anionic thylakoid lipid phosphatidylglycerol (PG). Sulfolipid-deficient bacterial mutants are impaired in growth following phosphate deprivation (3, 4) . Based on this result and other evidence it was proposed that SQDG is essential to maintain a balance of thylakoid membrane charge by substituting for PG under phosphate limiting conditions (1) .
The elucidation of the reactions of sulfolipid biosynthesis by biochemical means has been recalcitrant in the past, but recently powerful new experimental tools became available with the isolation of sulfolipid-deficient mutants of the purple bacterium Rhodobacter sphaeroides and the cloning of the first genes encoding enzymes of sulfolipid biosynthesis, sqdA, sqdB, sqdC, and sqdD (5-7). The sulfonic acid precursor giving rise to the sulfolipid head group was originally postulated by A.A. Benson to be 4 the sequences of putative sqd gene products. In particular, the SQDB protein of R. sphaeroides has sequence similarity to sugar nucleotide modifying enzymes, and orthologous proteins in bacteria and plants are highly conserved (13) . It was suggested that these proteins catalyze a reaction between UDP-Glc and a suitable sulfur donor leading to the formation of UDP-SQ (5, 14) . The SQD1 protein of A. thaliana is an orthologue of the bacterial SQDB proteins (15) and its crystal structure has been elucidated (16) . Recombinant SQD1 lacking the chloroplast transit peptide has a mass of 45.5 kDa, forms a dimer, and contains a buried active site with tightly bound NAD + (16, 17) . Co-crystallization with UDP-Glc demonstrated directly the binding of this presumed substrate in the active site. Furthermore, in place of the sulfur donor, water molecules were present. Labeled sulfate is incorporated into SQDG by isolated chloroplasts (18) (19) (20) , and it seemed likely that the sulfur donor is derived from the sulfate reduction pathway in the chloroplast. Intermediates of this pathway, adenosine 5'-phosphosulfate (APS) and 3'-phosphoadensosine-5'-phosphosulfate (PAPS), were indeed incorporated into SQDG by isolated chloroplasts (21) . Another intermediate of the sulfate reduction pathway, sulfite, has not been tested in this system, but was shown to be incorporated into SQDG by extracts of Chlamydomonas reinhardtii (22) .
However, this reaction was linear over time and therefore thought to be non-enzymatic.
Here, we provide evidence for the SQD1 catalyzed formation of the sulfolipid head group donor UDP-SQ from UDP-Glc and sulfite in vitro. (6) with the substitution of toluene for benzene in the mobile phase. Auto-radiography was used to visualize labeled sulfolipid. (Qiagen, Valencia, CA), expressed in E.coli, and the protein was purified as described (15) .
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RESULTS

In vitro Reaction of UDP-Glc and Sulfite Mediated by SQD1BAn enzyme assay was
developed to measure the conversion of UDP-Glc to UDP-SQ as predicted for SQD1 activity. SQD1 protein was estimated to be at least 95% pure by gel analysis (Fig. 1 ).
To broadly analyze the reaction mixtures for substrates and reaction products, we employed an HPLC system optimized for the separation of sugar nucleotides. Sample through-put was limited, in particular because columns had to be regenerated extensively after few runs. Therefore, we also explored different TLC systems and filter based assays to separate substrates and products with the goal to process large sample numbers in parallel. However, none of the alternative procedures we designed, thus far, were satisfactory with regard to sample recovery or reproducibility. Because of the limitation in sample through-put, data points shown are representative for at least three different independent experiments, instead of averages of multiple repeats in a single experiment. We routinely used labeled UDP-Glc [ 9 reaction mixture eliminated compound U 1 completely and stimulated the formation of compound U 2 ( Fig. 2C ). The relative amounts of compounds U 1 and U 2 were variable in assays to which no sulfite was added, depending on the SQD1 protein preparation. (data not shown).
The sulfolipid synthase of spinach chloroplast envelopes is highly discriminatory towards UDP-SQ (9, 10). We took advantage of the substrate specificity of this enzyme and incubated compound U 2 with spinach chloroplast membranes and observed the formation of a 35 S-labeled compound co-chromatographing with sulfolipid ( Fig. 3 ).
Taken together, these three independent lines of evidence identified compound U 2 as Figure 1C . We assumed that in all three instances this effect was due to sulfite, which was either produced by chemical reaction from thiosulfate, sulfide, or sulfoglutathione in aqueous solution or was already present in the respective compound preparations as contaminant.
To corroborate this hypothesis, it was necessary to directly test the incorporation of labeled sulfite into UDP-SQ. Because labeled sulfite was not commercially available and because it is fairly reactive in solution (28), we decided to synthesize sulfite directly in the assay mixture from [ 11 APS reductase 1 from A. thaliana (APR1) (25) . The second SQD1 substrate, UDP-Glc, was provided unlabeled. Incubating APS, DTT, UDP-Glc, and APR1 alone followed by HPLC analysis of the reaction products resulted in the conversion of APS to sulfite (Fig. 4A, B) . When SQD1 was present in the APR1 reaction mixture, sulfite was converted to compound U 2 previously identified as UDP-SQ (Fig. 4C, D) . The formation of UDP-SQ from labeled APS in this APR1/SQD1 coupled assay was further confirmed using the spinach sulfolipid synthase assay described above (data not shown).
Incubating labeled APS with SQD1 alone did not lead to the formation of labeled UDP-SQ (result not shown, but essentially indistinguishable from Fig. 4A) .
A Thr145Ala Mutant of SQD1 with Strongly Decreased ActivityBSulfite had been previously suggested as a substrate for sulfolipid synthesis using extracts of C.
reinhardtii (22) . However, sulfite incorporation was not saturable as expected for enzyme catalyzed reactions in this system. To rule out a nonenzymatic reaction of sulfite as the cause for the observed UDP-SQ formation and to demonstrate directly that SQD1 activity is required in the in vitro assay system described above, we constructed a point mutant of SQD1 (Thr145Ala) by exchanging threonine 145 with alanine (for gel see Fig. 1C ). From the crystal structure of the SQD1/UDP-Glc complex, it was obvious that threonine 145 coordinates a water along with the C-4 and C-6 hydroxyl groups of the glucose moiety of UDP-Glc in a high energy conformation (16).
Therefore, it was predicted that threonine 145 plays a critical role for catalytic activity.
Indeed, when the Thr145Ala mutant was incubated for 40 min in the presence of sulfite and labeled UDP-Glc, no product was formed in comparison to the wild type reaction 12 ( Fig. 5A, B) . Only after 46 hours of incubation, a very small product peak was visible in the mutant sample (Fig. 5C ). This result suggested that the activity of the mutant enzyme is reduced by several orders or magnitude, thereby confirming that SQD1 enzymatic activity is essential for the observed conversion of UDP-Glc and sulfite to UDP-SQ.
Characterization of SQD1 ActivityBBasic enzymatic properties of SQD1 were determined using the standard assay as described in experimental procedures.
Enzyme activity was linear from 5 to 50 µg of SQD1 protein as tested (Fig. 6A) . The reaction was also linear with respect to the assay time of up to 60 min (data not shown). The optimal pH for activity was between 7.5 and 9.5 ( Fig. 6B) . Subsequently, all standard assays were performed at pH 7.5 with 10 µg of protein for 40 min. To determine the kinetic constants for UDP-Glc, increasing amounts of this substrate were added at a concentration of 100 µM sulfite (Fig. 6C) . The reaction was saturable and the Michaelis-Menten constant, K m , for UDP-Glc was estimated to be 150 µM, the specific activity 2.6 nmoles UDP-SQ min -1 mg -1 protein, and the turnover number, k cat , 0.1 min -1
. To examine the specificity of the enzyme, we added equal amounts of ADPGlc and UDP-Glc (500 µM each) with UDP-Glc as the labeled tracer. However, no inhibition of the reaction by ADP-Glc was observed (data not shown). Because SQD1 normally contains NAD + in its binding site, this nucleotide was added to the reaction, but did not affect product formation (data not shown). Keeping the UDP-Glc concentration at 1.6 mM and varying the concentration of sulfite (Fig. 6D) , the reaction was saturable, with a similar V max as observed for UDP-Glc. However, the K m for sulfite Figure   7 . (18) (19) (20) and SQD1 has previously shown to be imported into the plastid (15) . This poses a theoretical problem, because it is unclear whether the precursor UDP-Glc is actually available in the plastid and, at least, one would have to assume that its concentration is very low compared to ADP-Glc (29) . However, ADP-Glc which is involved in photosynthetic starch biosynthesis in plastids, was not a substrate for the reaction.
UDP-Glc as SubstrateBSulfolipid biosynthesis is a function of chloroplasts
Furthermore, UDP-Glc provided a perfect fit within the active site based on the crystal structure of SQD1 (16) . Therefore, we postulate that UDP-Glc is present in the plastid in sufficient amounts to support sulfolipid biosynthesis. Whether UDP-Glc is imported by guest on November 6, 2017
http://www.jbc.org/ Downloaded from from the cytosol as indicated in Figure 7 , or generated inside the plastid remains unclear.
Sulfite is the Sulfur DonorBOf all the possible sulfur donors tested, none was more active than sulfite. Compounds which could spontaneously give rise to sulfite in aqueous solution, such as thiosulfate and sulfoglutathione, did stimulate the activity of the enzyme to the same extent as sulfite directly. It is still debated whether APSreductase generates sulfite directly or first sulfoglutathione which subsequently hydrolyzes to release sulfite (30, 31) . Therefore, the question arises whether sulfoglutathione may be a precursor for UDP-SQ biosynthesis in vivo. Two arguments speak against this hypothesis: first, glutathione could not be modeled into the structure of SQD1 in a catalytically sensible way and second, sulfoglutathione was not more effective in stimulating UDP-SQ biosynthesis than sulfite itself. Therefore, we propose that sulfite derived from the APS reductase reaction is the precursor for UDP-SQ biosynthesis in vivo. The APS-reductase is part of the sulfur assimilation machinery in the chloroplast. At least three isoforms exist (32) and it seems possible that SQD1 directly and specifically interacts with one of these. Sulfite is a reactive and cytotoxic compound, e.g. (33) (34) (35) estimated pK a of 6.08 (36) . If Tyr 182 of SQD1 has a similar pK a , SQD1would lose activity as the pH decreased. Moreover His 183 is considered to be the general base in the dehydration step which requires the removal of the C5' proton from glucose (16) .
Unless perturbed by the local environment, His 183 should have a pK a ~ 7. The origin of the high activity close to pH 9.5 remains an enigma.
In summary, we have shown that recombinant SQD1 of A. thaliana catalyzes the formation of UDP-SQ, the sulfolipid head group donor and one of the few biological sulfonic acids, in vitro from UDP-Glc and sulfite. The reaction showed all features expected for an enzymatic reaction. However, the turnover rate was very low, and further analysis will be required to demonstrate that SQD1 catalyzes the proposed reaction also in vivo. 
